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In Brief
Larson et al. determine that tooth shape disparity, a proxy for ecological stability, in small maniraptoran dinosaurs shows that this clade was stable prior to the endCretaceous mass extinction. This indicates a sudden extinction for most members of the group but suggests that diet may have played a role in the survival of crown group birds.
SUMMARY
The causes, rate, and selectivity of the end-Cretaceous mass extinction continue to be highly debated [1] [2] [3] [4] [5] . Extinction patterns in small, feathered maniraptoran dinosaurs (including birds) are important for understanding extant biodiversity and present an enigma considering the survival of crown group birds (Neornithes) and the extinction of their close kin across the end-Cretaceous boundary [6] . Because of the patchy Cretaceous fossil record of small maniraptorans [7] [8] [9] [10] [11] [12] , this important transition has not been closely examined in this group. Here, we test the hypothesis that morphological disparity in bird-like dinosaurs was decreasing leading up to the end-Cretaceous mass extinction, as has been hypothesized in some dinosaurs [13, 14] . To test this, we examined tooth morphology, an ecological indicator in fossil reptiles [15] [16] [17] [18] [19] , from over 3,100 maniraptoran teeth from four groups (Troodontidae, Dromaeosauridae, Richardoestesia, and cf. Aves) across the last 18 million years of the Cretaceous. We demonstrate that tooth disparity, a proxy for variation in feeding ecology, shows no significant decline leading up to the extinction event within any of the groups. Tooth morphospace occupation also remains static over this time interval except for increased size during the early Maastrichtian. Our data provide strong support that extinction within this group occurred suddenly after a prolonged period of ecological stability. To explain this sudden extinction of toothed maniraptorans and the survival of Neornithes, we propose that diet may have been an extinction filter and suggest that granivory associated with an edentulous beak was a key ecological trait in the survival of some lineages.
RESULTS
Analysis of 3,104 maniraptoran teeth from 18 lithostratigraphic units in western North America showed that morphological disparity of tooth shape (as calculated from linear measurements; see the Supplemental Experimental Procedures; Tables S1 and S2) remained remarkably stable over the last 18 million years of the Cretaceous and was not decreasing before the end-Cretaceous boundary. Examination of the total dataset at both lithostratigraphic-unit-level and North American Land Mammal Age (NALMA)-level time binning respectively shows both significant ( Figure 1A ) and non-significant ( Figure 1G ) decreases in disparity in the latest Cretaceous Lancian (68-66 Ma) units leading up to the end-Cretaceous extinction. However, this decrease is driven by size changes in troodontids (Figures 2  and 3 ) and is not present when this clade is excluded from this dataset ( Figures 1B and 1H ). Both analyses show that the lowest levels of disparity in toothed maniraptorans occur in the Late Santonian Aquilan (84-83 Ma) Milk River Formation, approximately 18 million years before the end of the Cretaceous, followed by a consistent, significantly higher disparity in all later units leading up to the end-Cretaceous extinction.
With respect to individual clades, no significant decline in disparity is seen between the penultimate and ultimate time bins ( Figures 1C-1F and 1I-1L ). An increase in disparity between the Aquilan and Judithian (80-73 Ma) NALMAs is significant for both dromaeosaurids and Richardoestesia (troodontids are not present in the Aquilan sample; Figures 1C-1E ). Such an increase is also reflected in the lithostratigraphic-unit-level dataset between the Milk River and Dinosaur Park formations ( Figures 1I  and 1K ). Also, although no significant shifts occur in the lithostratigraphic unit dataset, there is a trend of decreasing disparity in troodontids through time ( Figure 1J ) but no decline immediately preceding the latest Cretaceous time bin, and it is this notable trend that is similarly observed in the NALMA data ( Figure 1D ). The cf. Aves group shows a significant decrease in disparity between the Aquilan and Judithian NALMAs ( Figure 1F ), but no such significant shifts are seen in the lithostratigraphic-unitlevel data, possibly due to the low sample of cf. Aves teeth in the Milk River Formation ( Figure 1L ). The pattern of morphological disparity is also broadly similar between different lithostratigraphic units along the Western Interior Basin of approximately the same age ( Figure S1 ), indicating that the patterns of disparity seen in the lithostratigraphic-unit-level bins is broadly comparable to the whole record in western North America.
Tooth shape patterns show a similar pattern of stability. Occupation of tooth shape morphospace was visualized on principal components 1 and 2 (PC1 and PC2; Figures 2 and 3) , as most (91.9%) of the variation in the principal component analysis Figure S1 and Tables S1  and S2. was found on PC1 and PC2 (Table S3) . Loadings indicate that PC1 represents a general size axis for specimens. PC2 was determined to not be a statistically significant axis of variation using the broken-stick method (Table S3 ), but the axis appears to be biologically significant, representing tooth denticle size relative to crown size according to the PC loadings (Table S4) , and serves to separate the teeth of most troodontids from other maniraptorans (Figures 2 and 3) . None of the other PC axes were significant or appeared to be biologically significant (Table S3) . Centroid position was calculated for each time bin for PC1 and PC2 to assess significant changes in morphospace occupation (Figures 2 and 3 ). All significant shifts in centroid position are accompanied by corresponding shifts (though often still overlapping) in the 95% minimum convex hulls of specimens in each time bin. The most significant shifts are those on PC1 for the troodontid teeth, documenting two significant shifts between each of the NALMAs ( Figure 2 ). This pattern is also reflected in the lithostratigraphic-unit-level data ( Figure 3 ). Dromaeosaurids also show a significant positive shift on PC1 and PC2 between the Aquilan and the remainder of the NALMAs (Figure 2 ). The pattern is similar in the lithostratigraphic-unit-level analysis on PC1, where the shift occurs both between the Milk River and Foremost assemblages and the Oldman and Dinosaur Park age assemblages ( Figure 3 ). Dromaeosaurids also show a significant negative shift along PC1 going into the latest Maastrichtian in both datasets (Figures 2 and 3) . Richardoestesia only shows a significant increase in PC1 between the Campanian and latest Campanian assemblages in both datasets (Figures 2 and 3 ).
There are a few significant shifts on both PC1 and PC2 for cf. Aves, but none of these shifts are consistent between the NALMA and lithostratigraphic unit datasets (Figures 2 and 3 ). Despite these subtle clade differences in morphospace occupation (with troodontids having the largest significant shifts), there is little indication of a significant drop in morphological disparity in toothed maniraptorans (including birds) leading up to the end-Cretaceous mass extinction, and there are only small shifts in some groups in morphospace occupation between the Lancian and older assemblages. Lancian disparity is significantly higher than that of the Aquilan, and there is no signal of a longterm trend of decreasing disparity through this time interval. Morphospace centroid occupation of the four groups of maniraptoran teeth is indicated on right. Error bars represent 95% confidence intervals calculated from 1,000 replicate bootstraps of intervals. Clades are color coded as follows: green, Dromaeosauridae; blue, Troodontidae; orange, Richardoestesia; and purple, cf. Aves. PC1 represents size of the specimens, and PC2 represents tooth denticle size relative to crown size (Table S2) . Convex hulls represent 95% minimum convex polygons. Taxon silhouette credit is as in Figure 1 . Colors were modified. See also Tables S1, S2, S3, and S4.
DISCUSSION Ecological Stability in the Late Cretaceous
Patterns of terrestrial biodiversity extinction in the Late Cretaceous and mechanisms that precipitated the end-Cretaceous mass extinction event continue to be debated [1] [2] [3] [4] . Understanding these extinction patterns is important for determining whether or not declining ecosystem stability played a role in extinction intensity and selectivity [3, 5] . As the largest and best-known vertebrates in Late Cretaceous terrestrial assemblages, dinosaurs are pivotal for understanding the tempo of terrestrial vertebrate extinction at the end of Cretaceous. Patterns of dinosaur species richness through the Late Cretaceous have been argued to imply either a gradual decline [2] or longterm ecological stability before a sudden extinction [1, 4] . Recent applications of disparity approaches to dinosaur diversity suggest that some large herbivorous groups may have declined in North America leading up to the end-Cretaceous mass extinction, whereas theropod dinosaurs appear to be relatively stable [4, 13, 14] . However, the taxonomic and morphological diversity of maniraptoran dinosaurs through this interval remains poorly understood. Large-scale taphonomic biases, such as those in alluvial-paralic depositional systems that operate against the preservation of skeletal material of small-bodied taxa [7, 8, 20] , make complete skeletons of these dinosaurs extremely rare [8, 21] , but maniraptoran teeth are abundant in vertebrate microfossil assemblages throughout the Late Cretaceous of North America (e.g., [22, 23] ). Tooth morphology is also likely to be a key indicator of dietary preferences, making it a convenient proxy for that aspect of ecological niche in amniotes, including reptiles [15-17, 19, 24-29] . By analyzing their rich tooth record, we were able to test the hypothesis that the toothed maniraptoran component of dinosaur communities was in decline leading up to the end-Cretaceous mass extinction. Tooth disparity results in the latest Cretaceous maniraptoran assemblages indicate that intragroup ecological variation was not meaningfully decreasing immediately before the mass extinction between the early and latest Maastrichtian, nor is there evidence for a prolonged decline through the last 18 million years of the Mesozoic. This pattern contrasts with decreasing diversity and disparity in contemporaneous large herbivorous dinosaurs [4, 13, 14] but is consistent with a stable pattern of phylogenetic disparity observed in theropod dinosaurs over a similar timeframe [4, 13] . The only significant shifts in overall disparity in our sample were an increase between the Aquilan and Judithian NALMAs (also seen in both dromaeosaurids and Richardoestesia) and a decrease between the Edmontonian and Lancian time bins, which were driven by a shift in morphospace in troodontids (Figures 1, 2, 3) . The Judithian increase may also be attributable, at least in part, to the immigration of troodontids into the sample area, after which the assemblages are remarkably consistent in composition through time. Stable tooth disparity suggests that toothed maniraptorans were no more vulnerable to extinction at the close of the Maastrichtian than in the preceding 18 million years. With respect to tooth shape morphospace variation, the few significant shifts relate mostly to size (as reflected in shifts along PC1 of the shape analyses; Table S4 ). Though the timing differs somewhat, both troodontids and dromaeosaurs increase in size during the Campanian and subsequently decrease in size between the early and latest Maastrichtian, whereas in Richardoestesia only the Campanian increase is seen.
In terms of ecomorphology, the consistency of morphospace occupation and the limited overlap in dental morphospace between the major toothed maniraptoran groups throughout this time support the idea that these groups occupied different ecological niches. Only minor changes possibly due to the immigration of troodontids in the Campanian and small shifts in maniraptoran body size occur during this time. Although the exact nature of these feeding niches is poorly constrained, it is reasonable to assume that different maniraptoran groups consumed different relative abundances of vertebrates, invertebrates, and in some cases even plant material, and most likely included specialist hypercarnivores (most dromaeosaurids, probably Richardoestesia), piscivores (some birds, perhaps Richardoestesia), insectivores (some birds, possibly basal dromaeosaurs, and troodontids), and omnivores (troodontids and some birds; see the Supplemental Experimental Procedures for ecological inferences). Overall, these inferred ecomorphological patterns indicate that toothed maniraptorans, including toothed birds, were ecologically diverse and stable leading up to the end-Cretaceous mass extinction, at least in North America. Our analyses are most consistent with a relatively sudden extinction of toothed maniraptorans at the end of the Cretaceous. However, more detailed intraformational biostratigraphic sampling would further elucidate patterns on the sub-millionyear scale leading up to the Cretaceous-Paleogene boundary (e.g., [24] ) and may refine these interpretations. Additionally, although these results are specific to the Western Interior Basin of North America, greater geographic and temporal sampling is needed before this pattern can be reliably examined on a global scale.
The End-Cretaceous Extinction and the Survival of Crown Group Birds Carnivory, larger body size, and ecological specialization can all be indicators of vulnerability to background levels of extinction [5, 30] , yet not be strongly linked to selectivity in catastrophic mass extinction events [5, 31] . Interestingly, the selective extinction at the end of the Cretaceous of small, bird-like maniraptorans, including advanced toothed ornithuromorph birds (crown group birds and their nearest relatives), remains difficult to explain given their close phylogenetic relationship and presumably greater physiological and ecological similarity to crown group birds (Neornithes) than to other dinosaur groups [32] . Although Cretaceous birds are among the smallest dinosaurs preserved in their assemblages, one of the few consistent differences between Neornithes and most maniraptorans, including many Cretaceous birds, is the presence of an edentulous keratinous beak. As a primary point of contact with consumed foodstuffs, an edentulous beak, one of the hallmark synapomorphies of modern birds [33] , is most likely related to dietary specialization. It is notable that convergently evolved reduced dentitions in other lineages of Cretaceous birds are associated with the possession of a modified esophageal crop, gastroliths most likely indicative of a gizzard, and direct evidence of granivory in the form of preserved gut contents [34, 35] . The relationship between herbivory and the presence of beaks is supported by analyses of correlated traits that have found that edentulousness in coelurosaur dinosaurs, including birds, is correlated with an herbivorous diet [19] . In contrast, most toothed nonavian maniraptorans [19] , as well as several major clades of toothed birds [18, [36] [37] [38] [39] , were predominantly faunivorous. These differences in feeding ecology are particularly well documented in the diverse feathered dinosaur assemblage from the Early Cretaceous Jehol Biota [40] , where small, non-avian maniraptorans (as well as some avian taxa) are known only to be faunivorous, while gut contents and ecomorphological relationships have revealed numerous contemporary avian species were granivorous [41] .
Recent molecular phylogenies of the higher-order relationships of modern birds [42, 43] have shown some consistent patterns of diversification within Neornithes. Ancestral state reconstructions were conducted using maximum likelihood on 188 extant bird families in a recent time-calibrated phylogeny [43] to assess whether or not early crown group birds were granivorous (Table S5 ; see the Supplemental Experimental Procedures for details). Results indicate that the common ancestor of Neornithes was most likely granivorous, and most bird lineages that survived the end-Cretaceous extinction would have been able to take seeds as part of their diet ( Figure 4 ; Table S6 ), a pattern that becomes more pronounced with the inclusion of frugivorous taxa in the ancestral state reconstruction ( Figure S2 ). This is in contrast to the pattern seen when reconstructing which lineages had affinities to water ( Figure S2 ), which indicates that the most recent common ancestor of Neornithes was most likely not a ''transitional shorebird'' or a foot-propelled diver, as some authors have suggested based on the inferred relationships of some fossils [44] [45] [46] . Inferences about the ancestral ecology of modern lineages based on the fossil record alone is complicated by what little information is available from fossil evidence around the origin and initial diversification of Neornithes. To date, only one Maastrichtian bird has been assigned to a crown group clade based on a phylogenetic analysis [9] [10] [11] , suggesting that crown group birds were less common than contemporary non-neornithine birds in the Cretaceous. There are also no Late Cretaceous neornithines or advanced ornithuromorphs with known cranial remains [9, 10, 47] . In fact, most Late Cretaceous remains are extremely fragmentary, and many previous referrals of remains to extant groups based on a single bone have proven untenable or uncertain given the mosaic of characters present in early Cenozoic birds [11, 12, 44, 45, 48, 49] . This uncertainty makes identifying the timing of the diversification of early crown group birds and inferences regarding their plesiomorphic ecologies difficult and contentious, but both are nonetheless critical for understanding their patterns of extinction and subsequent radiation through this important time interval.
In the fallout of the bolide impact that marks the end of the Cretaceous, terrestrial food webs that relied on photosynthesis would have collapsed [50] . However, seed banks derived from plants, including relatively abundant angiosperms [51, 52] , could have been a common, nutrient-rich resource that would have persisted among the detritus, which itself has been suggested as a key food source related to species survival across the boundary [50] . With clearing of vegetation, either during a global firestorm or widespread burning of dead ground cover [53] , exposed seeds in these areas worldwide could have been exploited by granivores. This pattern is observed in modern fire succession communities, where granivorous birds are the first avians to re-occupy disturbed habitats due to food resource accessibility [54, 55] . A persistent seed bank, which can remain viable for more than 50 years in modern temperate forests [56] , most likely outlasted the catastrophic ecosystem collapse caused by a bolide impact and associated infrared thermal pulse, acid rain, darkness, and impact winter [32, 57] . Toothed maniraptorans, with their feeding systems adapted to faunivorous or potentially folivorous diets, would have been restricted to food chains dependent on living plant matter [50] and unable to access these seed banks. Therefore, dietary specialization toward granivory in some lineages of crown group birds may have been one of the key factors in their survival through the end-Cretaceous mass extinction. Characters mapped onto a pruned phylogeny based on the time-calibrated phylogeny of Claramunt and Cracraft [43] , with each taxon representing a single family. Diets of terminal taxa, node reconstructions, and branches are color-coded according character: gold, seeds making up a component of diet; and light blue, seeds unknown in diet. Gray bars on nodes represent 95% highest posterior densities for node ages from Claramunt and Cracraft [43] . See also Figure S2 and Tables S5 and S6 . The completeness of the fossil record of mesozoic birds: implications for early avian evolution. PLoS ONE 7, e39056.
